Lactococcus lactis subspecies lactis (L. lactis ssp. lactis) and Lactococcus lactis subspecies cremoris (L. lactis ssp. cremoris) were investigated in respect to their response to acid, bile-salt and freezing stresses. First, the sublethal and lethal levels of each stress were determined for both subspecies. For acid stress, the levels were pH 4.5 and 2.5, respectively, for L. lactis ssp. lactis, and pH 5.0 and 3.0, respectively, for L. lactis ssp. cremoris. For bile-salt stress, the levels were 0.03 and 0.1%, respectively, for L. lactis ssp. lactis, and 0.01 and 0.04%, respectively, for L. lactis ssp. cremoris. For freezing stress, 10³C was used as the sublethal temperature and 320³C was used as the lethal temperature for both subspecies. To evaluate the effect of each stress at log phase, a log-phase culture was challenged directly with the appropriate lethal level (control culture) and a second log-phase culture was pre-exposed to the appropriate sublethal level prior to testing survival under normally lethal conditions (test culture). Some, if not most, of the cells were killed in the control cultures for all three stresses. However, in the test cultures, the viability was significantly improved for all of the L. lactis ssp. lactis strains tested, but not for the L. lactis ssp. cremoris strains. It appears, therefore, that L. lactis ssp. lactis is capable of displaying adaptive response to stresses, whereas L. lactis ssp. cremoris seems to lack this phenotype or the response is much weaker in this subspecies. The effect of each stress on stationaryphase cultures was also investigated. Unlike the log-phase cultures, the stationary-phase cultures of both subspecies, challenged directly with the lethal levels, were highly resistant to each of the three stresses tested. z
Introduction
Lactococcus lactis is a very important group of bacteria commercially because of its extensive usage in production of dairy foods and the food-preservative nisin. Possible applications of these organisms are now being extended to the area of health improvement, as probiotics and as delivery systems to the gastrointestinal tract. Much research has been focused on optimising the performance of these bacteria during cheese manufacture. Two major subspecies of this organism include L. lactis ssp. lactis and L. lactis ssp. cremoris. L. lactis ssp. lactis strains are generally robust and less likely to be a¡ected by changes in the environment, whereas L. lactis ssp.
cremoris strains are generally fragile and sensitive to changes in the environment. For example, L. lactis ssp. lactis strains can grow at 40³C, at pH 9.2, as well as in the presence of 4% NaCl, whereas L. lactis ssp. cremoris strains cannot grow under any of these conditions [1] . In response to changes in the environment, bacteria often undergo physiological changes which are generally referred to as the stress response. Factors that cause the stress response during dairy starter-culture production and cheese manufacture include changes in temperature, pH and salt concentration. Some bacteria are also known to demonstrate an adaptive response, that is when cells are exposed to moderate levels of stress, they acquire increased tolerance when subsequently exposed to extreme levels of the same stress. Adaptation to mild changes in the environment may allow bacteria not only to survive, but also to £ourish when confronted with environmental conditions which may normally be lethal.
Although the stress response has been studied extensively in some organisms, only limited work has been reported for Lactococcus lactis, i.e. acid stress [2, 3] , and freezing stress [4, 5] . Because of the importance of Lactococcus lactis in dairy fermentations and reports that L. lactis ssp. lactis is robust and L. lactis ssp. cremoris fragile a more extensive and comparative stress response study was undertaken. This communication reports di¡erences between L. lactis ssp. lactis and L. lactis ssp. cremoris in terms of their adaptive response to acid, bile-salt and freezing stresses, and also discusses implications the differences may have in application of these two subspecies.
Materials and methods

Bacterial strains, cultivation, and plasmid isolation
The strains used were L. lactis ssp. lactis LL40-1, LL41-1, LL43-1, and L. lactis ssp. cremoris LC10-1, LC11-1, LC12-1 (Gist-brocades Australia), and these were randomly chosen from the maintained starterstrain collection. They were grown anaerobically at 30³C on M17 medium containing 0.5% glucose (M17G). The pH of standard M17G is 7.0 and it contains no bile salt. The plasmid DNA was isolated as previously described [6] and resolved on 0.6% agarose gel at 80 V for 5 h.
Determination of sublethal and lethal acidic pH levels
Five ml of M17G at pH ranging from 7.0 to 1.5 were prepared using hydrochloric acid. These were inoculated at an OD THH of approximately 0.02 and incubated at 30³C for 3 h. A sample was taken at time zero and at 3 h, serially diluted in saline, plated onto M17G plates, incubated overnight at 30³C and then colony forming units (CFU) were counted. The number of cells was expressed as mean log IH CFU ml 3I .
Determination of sublethal and lethal levels of bile salt
Bile salt (Sigma) used is composed of sodium cholate and sodium deoxycholate (1:1). Five ml of M17G containing bile salt ranging from 0 to 0.4% were prepared. These were inoculated at an OD THH of approximately 0.02 and incubated at 30³C for 3 h. A sample was collected at time zero and at 3 h, and CFU was determined as before.
Determination of sublethal and lethal temperatures
M17G (15 ml) was inoculated at an OD THH of approximately 0.02 and incubated at 30³C for 3 h. Following the incubation, a sample (time zero) was collected and CFU was determined as before. The culture was then divided equally into three tubes. One tube was maintained at 30³C for 2 h, the second was shifted to 10³C for 2 h, and the third was shifted to 320³C for 24 h. After each incubation a sample was collected and CFU was also determined.
Assessment of response of log-phase cultures against acid stress
Two tubes containing 5 ml of M17G (pH 7.0) were inoculated at an OD THH of approximately 0.02 and then incubated at 30³C until early log phase (OD THH of 0.3). The cells were then pelleted by centrifugation and the supernatant removed. The cells in one tube were resuspended with 5 ml of M17G at pH 7.0 (control culture) and the cells in the other tube were resuspended with 5 ml of M17G at pH 4.5 for L. lactis ssp. lactis strains and pH 5.0 for L. lactis ssp. cremoris strains (test culture). They were incubated at 30³C until mid-log phase. After incubation, a time-zero sample was collected from both cultures and CFU determined as before. The cells were then harvested and resuspended with 5 ml of M17G at pH 2.5 for L. lactis ssp. lactis strains and pH 3.0 for L. lactis ssp. cremoris strains and incubated at 30³C for 1 h, after which a sample was collected and CFU determined as before. The percentage viability was calculated by dividing CFU at time 1 h by CFU at time zero for both control and test cultures.
2.6. Assessment of response of log-phase cultures against bile-salt stress
Two tubes containing 5 ml of M17G were inoculated at an OD THH of approximately 0.02 and then incubated at 30³C until early log phase. The cells were then pelleted and the supernatant removed. The cells in one tube were resuspended with 5 ml of M17G containing no bile salt (control culture) and the cells in the other tube were resuspended with 5 ml of M17G containing bile salt at 0.03% for L. lactis ssp. lactis strains and 0.01% for L. lactis ssp. cremoris strains (test culture). They were incubated at 30³C until mid-log phase. After the incubation, a time-zero sample was collected from both cultures and CFU determined as before. The cells were then harvested and resuspended with 5 ml of M17G containing bile salt at 0.1% for L. lactis ssp. lactis strains and 0.04% for L. lactis ssp. cremoris strains and incubated at 30³C for 1 h, after which time a sample was collected and CFU determined as before. The percentage viability was determined as before.
Assessment of response of log-phase cultures against freezing stress
Two tubes containing 5 ml of M17G were inoculated at an OD THH of approximately 0.02 and then incubated at 30³C until early log phase. One tube was immediately frozen at 320³C for 24 h (control culture), and the other was held at 10³C for 2 h before it was frozen at 320³C for 24 h (test culture). For both cultures a sample was collected before and after freezing, and CFU was determined as before. The percentage viability was calculated by dividing CFU after freezing by CFU before freezing.
Assessment of response of stationary-phase
cultures against the three stresses M17G (20 ml) were inoculated at an OD THH of approximately 0.02 and then incubated at 30³C until stationary phase was reached (approximately 8 h, OD THH of 1.2^1.6). Following the incubation a sample (time zero) was collected and CFU was determined as before. The culture (5 ml) was then dispensed into three tubes. The cells in one tube were pelleted by centrifugation and then resuspended with 5 ml of M17G at pH 2.5 for L. lactis ssp. lactis strains and pH 3.0 for L. lactis ssp. cremoris strains and incubated at 30³C for 1 h, after which a sample was collected and the percentage viability was determined as before. The cells in the second tube were pelleted by centrifugation and then resuspended with 5 ml of M17G containing bile salt at 0.1% for L. lactis ssp. lactis strains and 0.04% for L. lactis ssp. cremoris strains and incubated at 30³C for 1 h, after which time, a sample was collected and the percentage viability was determined as before. The third tube was directly frozen at 320³C for 24 h for all strains, after which time a sample was collected and the percentage viability was determined as before.
Statistical analysis
All experiments were done in triplicate, and mean values and standard deviations are presented. Statistical analysis was performed on the data using the Student's t-test, and statistical signi¢cance was accepted at the P 6 0.05 level of probability.
Results
Plasmid pro¢le and characterisation of the six strains
Plasmids are common in L. lactis and show a def-inite strain speci¢city. Therefore, plasmid pro¢les have been used in strain identi¢cation. The pro¢les of the six strains studied (Fig. 1 ) reveal six di¡erent plasmid complements, each containing plasmids of di¡erent sizes and numbers. When the strains were tested for bacteriophage resistance, the three L. lactis ssp. lactis strains displayed a resistance, whereas the three L. lactis ssp. cremoris strains did not (data not shown). Phenotypic di¡erences were also observed within the same subspecies (data not shown). Within the subspecies lactis, LL40-1 was resistant to cadmium and nisin, whereas the other two were sensitive to both. Within the subspecies cremoris, LC10-1 possessed the proteinase activity, whereas the other two did not.
Sublethal and lethal pH levels
The L. lactis ssp. lactis and L. lactis ssp. cremoris strains were cultivated over the pH range from 7.0 to 1.5, and the number of viable cells at each pH was determined (Table 1 ). For L. lactis ssp. lactis LL41-1, there was an increase in the number of viable cells after 3 h of incubation at pH 7.0 to 4.0. However, there was a signi¢cant decrease in viable cells at pH 3.5, 3.0 and 2.5, and all cells were killed at pH 2.0 and 1.5. Similar results were obtained for the other two L. lactis ssp. lactis strains (data not shown). Therefore, for L. lactis ssp. lactis strains pH 4.5 was chosen as the sublethal pH, since, at this pH, cells were still growing slowly, and pH 2.5 was chosen as the lethal pH, because, at this pH, the number of viable cells was signi¢cantly reduced, but not all cells were killed in the given time.
The L. lactis ssp. cremoris strains were more sensitive to low pH in comparison with the L. lactis ssp. lactis strains. For L. lactis ssp. cremoris LC10-1, the number of viable cells increased at pH 7.0 to 5.0, and they decreased at pH 4.5, 4.0, 3.5 and 3.0. All cells were killed at pH 2.5 and below. Similar results were obtained for the other two L. lactis ssp. cremoris strains (data not shown). Therefore, for L. lactis ssp. cremoris strains pH 5.0 was chosen as the sublethal pH and pH 3.0 as the lethal pH.
Sublethal and lethal levels of bile salt
The L. lactis ssp. lactis and L. lactis ssp. cremoris strains were cultivated at di¡erent levels of bile salt and the number of viable cells at each level was Table 1 The Values were determined after 3 h incubation. Standard deviations are given in parentheses. determined (Table 2 ). For L. lactis ssp. lactis LL41-1, the number of viable cells increased at 0.01, 0.02 and 0.03% but decreased from at 0.04 to 0.1% bile salt. All cells were killed at 0.2% and higher. Similar results were obtained for the other two L. lactis ssp. lactis strains (data not shown). Therefore, for L. lactis ssp. lactis strains bile salt at 0.03% was chosen as the sublethal level, since, at this level, cells were still growing slowly, and bile salt at 0.1% was chosen as the lethal level, because, at this level, the number of viable cells was signi¢cantly reduced, but not all cells were killed in the given time. The L. lactis ssp. cremoris strains were more sensitive to bile salt. For L. lactis ssp. cremoris LC10-1, the number of viable cells increased only at 0.01%, and decreased signi¢cantly from at 0.02% to 0.07% bile salt. All cells were killed at 0.08%. Similar results were obtained for the other two L. lactis ssp. cremoris strains (data not shown). Therefore, for L. lactis ssp. cremoris strains 0.01% bile salt was chosen as the sublethal level and 0.04% as the lethal level.
Sublethal and lethal temperatures
The L. lactis ssp. lactis and L. lactis ssp. cremoris strains were incubated at di¡erent temperatures and the number of viable cells at each temperature was determined (Table 3) . For both L. lactis ssp. lactis LL41-1 and L. lactis ssp. cremoris LC10-1 the number of viable cells increased signi¢cantly at 30³C. When the temperature was shifted to 10³C there was a slight increase for both, indicating that the cells were still growing slowly at this temperature. However, when the temperature was shifted to 320³C there was a large decrease in the number of viable cells for both. Similar results were obtained Standard deviations are given in parentheses. for the other four strains (data not shown). It was decided, therefore, to use 10³C as the sublethal temperature and 320³C as the lethal temperature for all strains.
Response of log-phase cultures against acid stress
The acid-stress experiment was performed with the three L. lactis ssp. lactis strains and the three L. lactis ssp. cremoris strains (Fig. 2) . When the logphase cultures (control) were directly exposed to their respective lethal pH, a large percentage of cells was killed for all of the strains tested. The L. lactis ssp. cremoris strains were more severely a¡ected and only 0.01% survived. However, when the log-phase cultures (test) were exposed to their respective sublethal pH prior to the exposure at the lethal pH, the viability was signi¢cantly improved for all of the L. lactis ssp. lactis strains, but not for the L. lactis ssp. cremoris strains.
Response of log-phase cultures against bile-salt stress
The bile-salt-stress experiment was performed with the six strains (Fig. 3) . When the log-phase cultures (control) were directly exposed to bile salt at the lethal levels a large percentage of cells was killed for all of the strains. The kill was almost instantaneous (data not shown). However, when the logphase cultures (test) were exposed to bile salt at the sublethal levels prior to the exposure at the lethal levels, the viability was signi¢cantly improved for all of the L. lactis ssp. lactis strains, but not for the L. lactis ssp. cremoris strains.
Response of log-phase cultures against freezing stress
The freezing-stress experiment was performed with the six strains (Fig. 4) . When the log-phase cultures (control) were directly exposed to the lethal temperature, some, if not most, of the cells were killed. However, when the log-phase cultures (test) were exposed to the sublethal temperature prior to the exposure to the lethal temperature the viability increased signi¢cantly for all of the L. lactis ssp. lactis strains. In contrast, the exposure to the sublethal temperature made little di¡erence to the survival of the L. lactis ssp. cremoris strains against the lethal temperature.
Response of stationary-phase cultures against the three stresses
In this study, the six strains at stationary phase were directly exposed to the lethal levels of acid stress (Fig. 2) , bile-salt stress (Fig. 3) , and freezing stress (Fig. 4) . The viability of the stationary-phase cultures following the exposure at the lethal levels was signi¢cantly high for all of the strains, except for L. lactis ssp. cremoris LC12-1 against the freezing stress. These stationary-phase-culture results were in contrast to the low-viability results obtained for the six strains at log phase. The L. lactis ssp. cremoris strains at stationary phase were tested also against the lethal levels used for the L. lactis ssp. lactis strains, i.e. pH 2.5 and 0.1% bile salt; however, all cells were killed at these levels, indicating that L. lactis ssp. cremoris strains, even at stationary phase, were still sensitive to the stresses at these levels.
Discussion
There appears to be two di¡erences, in terms of response to stress, between the two subspecies of Lactococcus lactis growing at log phase. First, L. lactis ssp. lactis is capable of surviving and replicating in more extreme levels of stress compared to L. lactis ssp. cremoris. Second, L. lactis ssp. lactis is capable of displaying adaptive response to stress, whereas L. lactis ssp. cremoris seems to lack this ability. For all three stresses studied, the viability of L. lactis ssp. lactis cultures, at log phase, could be signi¢cantly improved if the cells were exposed to a moderate level of stress prior to exposure at a severe level of stress. In this subspecies, exposure to sub-lethal or adaptive stress appears to have conferred protection against subsequent exposure to normally lethal stress. In contrast, however, the viability of L. lactis ssp. cremoris cultures, at log phase, could not be signi¢cantly improved by this physiological conditioning or adaptation, indicating that the adaptive response to stress in this subspecies is either absent or weak.
However, the situation was somewhat di¡erent for cultures at stationary phase. Generally, both subspecies, at stationary phase, displayed extremely high resistance against each of the three stresses studied. It is possible, like in other bacterial species, that a general stress response is turned-on when entering into stationary phase in both subspecies. This type of stress response provides resistance or protection against multiple stresses and leads to general robustness [7, 8] . It is believed that this stationary-phaseassociated stress response is regulated by the alternative sigma factor c or RpoS [9^11]. Although RpoS has been identi¢ed and characterised in several bacterial species, it has yet to be identi¢ed in Lactococcus lactis. In the organisms that the protein has been characterised, it was shown to function by allowing the RNA holoenzyme to bind selectively to promoter elements and initiate transcription [9, 12] . It controls the expression of numerous genes which are involved in the stationary-phase-associated stress response. It is believed, however, that the RpoS-directed regulation is only a part of a very complex stress^response system operating during stationary phase [10] . Whether RpoS, if at all, or other regulatory protein(s) are operational during stationary phase in Lactococcus lactis is yet to be answered.
Contrary to the ¢ndings made about L. lactis ssp. cremoris in this communication, it has been reported that two L. lactis ssp. cremoris strains, growing at log phase, were able to display adaptive response to acid stress [3, 13] . The two strains in question are NCDO 712 and its derivative MG1363 [14] . Although they are now referred to as L. lactis ssp. cremoris, they have long been classi¢ed as L. lactis ssp. lactis based on the phenotypic traits used conventionally to di¡erentiate the two subspecies [1] . Furthermore, NCDO 712 and MG1363 behave like a typical L. lactis ssp. lactis strain in terms of growth kinetics, and in terms of survival in unfavourable conditions [15] . However, based on new DNA homology studies, they have been recently`reclassi¢ed' as L. lactis ssp. cremoris by some researchers [16, 17] , and are being referred to as L. lactis ssp. cremoris in the literature. Therefore, it cannot be said, without reservation, that the stress-response results of NCDO 712 and MG1363 are in disagreement to those of this communication.
The di¡erences between the two subspecies of Lactococcus lactis may be of signi¢cance in the production and application of lactococcal starter cultures. One area the di¡erences could have an e¡ect is in the production and ripening of cheese. Much attention has already been given to improving the ripening of cheese [18] . The ripening of cheese and £avour formation is a very complex process involving the gradual breakdown of milk proteins. Lactococcus lactis possesses two types of enzymes that breakdown proteins. The ¢rst are the proteinases which are generally extracellular. The second are the peptidases which are generally intracellular. It is known that the major reactions leading to £avour development in cheese result from the action of the intracellular enzymes, indicating the importance of cell lysis on the rate of cheese ripening and £avour development. Much research has been directed towards methods to reduce the ripening time of cheese through accelerated proteolysis. Some of these methods include use of heat-shocked [18] or solvent-treated starter cultures [19] . In addition, it has been demonstrated that good autolytic properties can accelerate cheese ripening [20] . Factors that could a¡ect the rate of autolysis have been shown to be sodium ions, pH [21] and freezing [22] . Therefore, it appears that stresses may play an important role in £avour development. It is also known that L. lactis ssp. lactis strains are generally fast-growers and fast-producers of lactic acid, and L. lactis ssp. cremoris strains are generally slow-growers and slow-producers of lactic acid, but have superior £avour-generating properties [23] . Therefore, the use of both L. lactis ssp. lactis and L. lactis ssp. cremoris strains as part of a multiple starter culture has merit, because L. lactis ssp. lactis strains, which are resistant to stress, can grow well to provide the lactic acid required for curd formation and L. lactis ssp. cremoris strains, which are sensitive to stress, and therefore easily lysed, can release the enzymes needed for cheese ripening.
